Key regulators of the Wnt signalling, DVL1, DVL2 and DVL3, in astrocytomas of different malignancy grades were investigated. Markers for DVL1, DVL2 and DVL3 were used to detect microsatellite instability (MSI) and gross deletions (LOH), while immunohistochemistry and immunoreactivity score were used to determine the signal strengths of the three DVL proteins and transcription factors of the pathway, TCF1 and LEF1. Our findings demonstrated that MSI at all three DVL loci was constantly found across tumour grades with the highest number in grade II (P = 0.008).
| INTRODUCTION
Astrocytomas are the most common and deadliest form of primary brain tumours. 1 According to the World Health Organization (WHO)
classification, there are four grades of astrocytic brain tumours, considering their histology, molecular characteristics and prognosis. 2 The least aggressive are pilocytic astrocytomas corresponding to WHO grade I, while diffuse (grade II) and anaplastic astrocytomas (grade III) are malignant types with intrinsic ability to progress to higher grades of malignancy. Of these, glioblastoma multiforme (grade IV) is the most aggressive, fastest-growing and highly invasive tumour with survival times of about a year. 3 Despite recent advances in understanding the molecular basis of astrocytoma development and progression, additional research is required to develop more effective therapies.
By its biological characteristics astrocytomas are genetically and pathohistologically a very heterogeneous group of tumours. Complex mechanism of gliomagenesis is the outcome of overlapping between altered signalling pathways. A long-scale study conducted by The Cancer Genome Atlas (TCGA) revealed numerous data on specific genetic and epigenetic alterations underlying gliomas. 4 Although it is still not possible to define the exact number and chronology of changes during gliomagenesis, they found that key genes responsible for the formation and progression of astrocytic brain tumours are most frequently involved into deregulated oncogenic pathways: RTK/RAS/PI3K, TP53 and RB. 4, 5 Recent studies have shown that altered signal transduction in Wnt signalling pathway is also involved in the molecular pathogenesis of glial tumours. [6] [7] [8] [9] The Wnt signalling is an evolutionarily conserved pathway that plays very important roles during embryonic development and tumourigenesis. 10 In the absence of Wnt ligand, cytoplasmic β-catenin protein is constantly being degraded by the action of the destruction complex composed of Axin, APC and 2 phosphokinases:
casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3). CK1
and GSK3 phosphorylate β-catenin, which leads to its proteasomal degradation. Continuous elimination of β-catenin from the cell prevents β-catenin from reaching the nucleus, thereby repressing transcription of Wnt target genes. 11, 12 Binding of Wnt ligand to a Frizzled (Fz) receptor and its coreceptor LRP5/6 activates Wnt/β-catenin pathway. In this stage the concentration of DVL protein in cytoplasm increases, resulting in recruitment of components of destruction complex to the cell membrane. These events lead to inhibition of β-catenin phosphorylation, its stabilization and accumulation in the cytoplasm. β-catenin transfers to the nucleus where it forms complexes with T cell factor 1 (TCF1) and lymphoid-enhancer factor 1 (LEF1) and in such a fashion activates Wnt target gene transcription. 13 DVL is the central component of Wnt signalling and key cytoplasmic regulator that rescues β-catenin from degradation. Three homologous Dishevelled genes (DVL1, DVL2 and DVL3), that show a high degree of similarity, have been found in humans. Knock-out mouse models have shown that each of the DVL proteins can act individually but also in the combination with other family members. 14 Dishevelled gene proteins function as branching points for the differential interpretation of distinct Wnt ligands. 15 They are activated by phosphorylation in response to Wnt signals; whereas the ubiquitination of DVL proteins leads to an effective inhibition of the β-catenin destruction complex. 13 It has been postulated that DVL overexpression may play a role in the progression of several cancers. [16] [17] [18] [19] [20] As a result it represents a potential target for cancer therapy.
In the present investigation, we searched for changes of all three human DVL genes and proteins and tried to define their involvement in specific astrocytoma grade. We were also interested about their effect on Wnt signalling activation and examined transcription factors TCF1 and LEF1.
2 | METHODS
| Tumour specimens
Eighty-three astrocytoma samples together with corresponding autologous blood tissue were collected with patients' consents from the Departments of Neurosurgery and Departments of Pathology University Hospital Centers "Zagreb" and "Sisters of Charity", 
| Microsatellite genotyping analysis
Loss of heterozygosity was confirmed by capillary electrophoresis performed on instrument 3730XL (Applied Biosystems Inc.). The 5′-end of the forward primer was fluorescently labelled with a 6-FAM dye, and PCR amplification was performed with the AmpliTaq Gold master-mix (360) (Applied Biosystems Inc.). The labelled PCR products were separated using capillary electrophoresis. Alleles were sized relative to an internal size standard (500 LIZ; Thermo Fisher Scientific, Carlsbad, CA, USA). Raw data and graphical representation of LOH samples were reviewed using GeneMapper 5 and Peak Scanner (Thermo Fisher Scientific).
| Immunohistochemistry
In order to establish the levels of expression and cellular localization 
| Statistical analysis
The statistical evaluations for all the obtained data including tumour 
| Analysis of public databases cBioPortal, COSMIC and GEPIA
In order to test the compatibility of our results we investigated data from publicly available databases. Genetic changes publicly reported on DVL genes were assessed from cBioPortal and COSMIC databases, 24 ,25 while survival plots were performed from GEPIA database. 26 3 | RESULTS 3.1 | MSI at all three DVL loci was constant across tumour grades while LOHs were associated to higher grades Table 2 ). The distribution of genetic changes was not significantly associated to any specific grade (P = 0.843).
DVL3 gene was analysed with D3S1262 marker ( Figure 1C ). and grade IV with 31.2%) ( Table 2 ). Statistical analysis revealed that LOH of DVL3 gene was significantly more frequent in glioblastomas as compared with astrocytomas of lower grades (P = 0.007).
To ascertain results on observed genetic changes, genotyping by capillary electrophoresis was additionally performed and LOHs were confirmed as shown in Figure 1D . Taking both approaches together our findings were additionally confirmed.
Besides gross deletions, DVL3 gene also showed amplifications in 8.6% of glioblastoma patients ( Figure 1C ). Polymorphic status of used microsatellite markers and observed genetic changes of DVL1, DVL2 and DVL3 genes are presented in Moreover, anaplastic astrocytomas showed significantly lower number of cells with low expression levels when compared with diffuse astrocytomas (P = 0.008). Negative correlation between DVL1 protein expression and malignancy grades (rs = −0.479, df = 70, P < 0.001) was established ( Figure 3A ). Of note, in tumours with low levels of DVL1 expression, the signal was predominantly localized in the cytoplasm or in the cytoplasm and cell membrane. In tumours with moderate and strong expression levels of the DVL1 protein, the signal was significantly more frequently localized in cytoplasm and nucleus (P < 0.001).
The results of our study demonstrated increased DVL2 expression in all tumour grades when compared with the control tissue.
The highest number of samples with moderate and strong signal was present in the group of anaplastic astrocytoma (77.6%) followed by diffuse astrocytoma (70%), glioblastoma (61.7%) and pilocytic astrocytoma (57.2%). As the expression of DVL2 protein was closely the same in all tumour grades, cell count analysis with respect to DVL2 signal strengths did not show significant differences among malignancy grades ( Figure 3B ). Once again, tumours with the highest proportion of cells with moderate and strong signal had protein located in the cytoplasm and nuclei (P < 0.001).
Unlike the two previously analysed proteins, the DVL3 expres- while samples with moderate and strong expression had signal localized in both the cytoplasm and the nucleus (P = 0.004) ( Figure 3C ).
This observation suggests that the increased DVL3 expression in glioblastoma leads to more frequent transfer of this protein into the nucleus (Figure 4 ).
| TCF1 and LEF1 protein expression levels increased with astrocytoma grades
Next we asked how the Dishevelleds' expression is impacting Wnt signalling activation. For this we analysed the expression levels of two transcriptional factors located at the end of the Wnt signalling cascade, TCF1 and LEF1, whose elevated expression indicates the activity of the pathway. Both factors were found to be expressed in our total sample where the levels of both TCF1 and LEF1 expression increased with astrocytoma grades. Accordingly, 61.1% of pilocytic astrocytomas showed the lowest levels of TCF1 expression, while weak or lack of TCF1 expression was confined to 50% of diffuse astrocytomas. The highest expression levels were found in anaplastic and glioblastomas cases, 77.8% and 80% respectively. The signal was present exclusively in the nuclei of tumour cells ( Figure 3D ).
Statistical analysis for TCF1 protein showed that pilocytic had significantly more cells with low expression levels as compared with diffuse astrocytomas (P = 0.040) and glioblastomas (P = 0.003). Furthermore, diffuse (P = 0.047), anaplastic (P = 0.022) astrocytomas and glioblastomas (P = 0.001) had significantly higher number of cells with strong TCF1 expression as compared with pilocytic ( Figure 3D ).
Similar results were obtained for LEF1 protein expression. Low or lack of LEF1 expression was found in 61.1% of pilocytic astrocytomas, while 70% of glioblastomas showed strong LEF1 expression.
Almost the same proportions of samples with moderate and strong expression were present in the group of diffuse astrocytoma (88.9%) and glioblastoma (90%), while in anaplastic cases the observed rate was lower (66.6%).
The cell count analysis confirmed the previous observations. Thus, pilocytic astrocytomas had significantly more cells with low LEF1 expression than both diffuse astrocytomas (P = 0.006) and glioblastomas (P = 0.001) ( Figure 3E ). The highest number of cells with strong LEF1 expression was in glioblastomas comparing to pilocytic (P < 0.001), diffuse (P = 0.032) and anaplastic types (P = 0.003). Diffuse astrocytomas had significantly more cells with strong LEF1 expression as compared with pilocytic (P < 0.001) and anaplastic (P = 0.008), while anaplastic had significantly more cells with strong LEF1 expression than pilocytic (P = 0.008) ( Figure 3E ).
The results on transcription factors suggest that Wnt activation is accompanying the progression of the disease.
| The correlations of molecular findings and clinical parameters
Immunoreactivity score values for DVL1, DVL2 and DVL3 were calculated in order to determine the potential correlations between the expression levels of the proteins.
There was no significant correlation between the expression levels of DVL1 and DVL2 proteins (P = 0.799) ( Figure 5A ). However, DVL1 and DVL3 were significantly negatively correlated in our total sample (P = 0.002) ( Figure 5B ). Lower tumour grades (I and II)
showed significantly higher levels of DVL1 expression than high grades (III and IV), while strong DVL3 expression was significantly The lowest frequencies of DVL1 and DVL2 MSI were observed for pilocytic astrocytomas which are benign tumours and not prone to malignant progression. However, the highest MSI frequencies were confined to diffuse cases suggesting that the increased genomic instability could be characteristic for astrocytomas that are able to progress to higher grades. It has been known that the increase of mutation accumulation results in an acceleration of the tumour cell evolution. 30 But besides having effect on cell proliferation, the | 649 all three DVL homologs could be explained by the inability of tumour cells to proceed into much desired apoptosis. Data from cBioPortal and COSMIC databases 24, 25 report on low rate of somatic mutations, fusions and deep deletions of all DVL genes. However, the mutations that have been found are much more frequent in glioblastomas than low-grade tumours. The reported rate of amplifications of DVL3 is similar to the ones we found.
Taken together, we showed that MSI occurred constantly across all four tumour grades, with more frequent incidence in lower astrocytoma grades, suggesting its association with tumour formation.
Loss of heterozygosity was found to be often present in anaplastic astrocytoma and glioblastoma and therefore could be involved in the process of tumour progression as a background mechanism for inactivation of tumour suppressor genes. All things considered, it is clear that LOH and MSI contribute to the genomic profile of astrocytoma. [46] [47] [48] [49] The levels of DVL1, DVL2 and DVL3 protein expressions We also noticed that in tumours with low DVL1 expression, the signal was predominantly localized in the cytoplasm or in the cytoplasm and cell membrane, while in those with moderate and strong expression, the signal was confined to cytoplasm and nucleus (P < 0.001). Several authors showed that DVL1 gene amplification and elevated protein expression are involved in the development of breast and prostate cancer 16, 53, 54 accompanied with positive correlation between DVL1 and β-catenin location in the nucleus. and β-catenin, and transferred to the nucleus which indicated its involvement in the proliferation and invasion processes. Our group previously analysed DVL1 and DVL3 proteins in metastases from lung to the brain. The results showed elevated DVL1 (87.1%) and DVL3 (90.3%) expression and cytoplasmic and nuclear localization of the signal. 58 It is important to discuss the potential roles that each DVL member plays in signalling circumstances. Such studies are rare and how DVLs conduct activity still remains poorly understood.
Firstly, it has been proposed that because of the high similarity of DVL genes in mice and humans, members play equal roles and there may be redundancy in how they work. However, Sharma et al, 59 based on mouse knockout models, indicated that each DVL member may have a unique role to play. To elucidate the specific roles of DVL genes, rescue studies on double knockout mice were con- The results of our study showed that both TCF1 and LEF1
showed elevated expression and this upregulation indicates that the Wnt pathway was activated. Moreover, the levels of both TCF1 and 
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